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Abstract 
Numerous parameters contribute to rowing performance. Selecting the right oars can therefore be an important factor for success. 
This paper describes laboratory experiments to aid in the selection of oars. The dynamic properties of 71 oars were measured and 
compared with the favourite pair of oars from a Norwegian single scull rower. Free oscillation was investigated through eight 
acceleration sensors placed along the shaft of each oar. The sculls displayed a wide range of dynamic properties, which, when 
measured, allowed the selection of new oars with damping characteristics similar to the reference pair, but with a significantly 
lower weight and higher natural frequency. These vibration analyses provide a valuable non-destructive method for testing and 
selecting personalized oars for top athletes. 
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1. Introduction 
During the last ten single sculling World and Olympic championships, the difference between the winner and the 
third place was as little as 0.76 % when the competition time was 6’49.1” [1]. There are numerous parameters that 
enhance rowing performance. The oar acts as the link between the force generated by the rower and the blade force, 
and transmits this force to the rowing shell [2]. It is essential that a rower feels confident in the equipment he or she 
uses, and more importantly, has control over its characteristics. Selecting oars for an athlete can be a difficult task. 
Oar blades are permanently connected to the oar shaft. Changing to a different blade shape or adjusting the blade 
angle is consequently usually not possible. Oars are available in many varieties, with variations in length, material 
composition, blade, handle and shaft. Once an athlete has identified his favourite combination, it is essential to have 
a quantitative understanding the oar’s characteristics in case a new pair needs to be procured. Selecting new oars can 
therefore be an important factor for success. This paper describes a laboratory procedure to test and to select oars for 
world class athletes. One athlete’s competition oars provided the basis for the selection of new oars, which were 
chosen to match the characteristics of the reference oars as closely as possible. 
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Fig. 1. Drawing of the experimental setup. The oars were fixed with three clamps on the inboard. Eight acceleration sensors (S1 to S8) were 
attached along the shaft and blade. A load of 50 N was applied at the tip and fast released to initiate a free vibration. Inboard length, Li; 
Outboard length, Lo; Balance point, BP; Distance to the BP, LBP and applied load, F. 
2. Methods 
A new device was developed to measure acceleration, a, of a free vibrating oar at defined positions. Eight 
acceleration sensors were attached along the shaft and blade on the outboard of a fixed oar. The first sensor was 
applied 0.15 m from the edge of the blade (Fig. 1) and the spacing between the sensors was 0.20 m. All eight sensors 
recorded acceleration in the vertical direction with a sample rate of 1 kHz. A load of 50 N was chosen as the weight 
to be hung from the tip of the blade. The lace was cut, which started a free vibration and the data recording. The data 
was further processed in a special developed LabView application. A discrete Fourier transformation analysis of the 
acceleration data was used to calculate the natural frequency, f. A time span of three seconds was used to detect 15 
peaks and valleys. With the help of an exponential regression of the peaks and valleys the damping coefficient, λ 
was calculated for the positive and negative acceleration spectrum.  
2.1. Fixation of the oar and measurement of outboard weight 
The oars investigated were fixed to the inboard with three clamps behind the collar. The table was also loaded 
with 2 kN to avoid any resonance and interference that could cause a measurement error. The balance point (BP) 
was found by balancing the oar on a thin blade and the distance to the end of the blade was documented. The weight 
of the outboard, mo was determined by using the equilibrium of moments around the collar. It was assumed that the 
weight was evenly distributed on the outboard. A defined extra load at a measured distance from the collar was used 
to keep the oar in balance.  
2.2. Measurement procedure 
As a reference, eight oars (4 pairs) from a Norwegian single scull rower were analysed. The natural frequency for 
each oar and the damping coefficients for all sensors were calculated and compared with each other. Each oar was 
tested 5 times and the mean for the two parameters f and λ was calculated. The repeatability of the measurement 
device was tested by Breitschädel et al. [4] and the standard error was then found to be 0.0095 Hz for the natural 
frequency and 0.0426 for the damping coefficient. 
 
In the next test session, 63 shafts with a temporary attached blade were analysed using the same measurement 
routine. The dynamic properties of the shafts were compared to each other to gain a better understanding of their 
characteristics. Parameters such as shaft weight, stiffness and coefficient of damping were taken into consideration. 
The Pearson product moment correlations of these parameters were calculated. After all oars were measured, the 
damping profiles were compared to the reference oar from the Norwegian national team rower. The least mean 
squares method was used to find 6 oars with best possible fit.  
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2.3. Equations 
A free vibration with little damping can be described according Newton’s 2nd law by  
 x xF kx cv= − −∑  or 0ma cv kx+ + =  (1) 
where k is the spring constant or stiffness and c is the damping constant, and a,v and x are acceleration, velocity and 
position, respectively. 
The vibration is underdamped with a very low damping ratio ζ ≤ 4 %. The damping ratio is calculated according to
   
 
2 2
2 22r
c m m
c m fkm
λ λ λ λζ
ω ω π
= = = = =  (2) 
where cr is the critical damping constant, m is the mass of the outboard and ω the angular frequency. The angular 
frequency is defined by ω = 2πf. It can also be written as   
 k
m
ω =  (3) 
Combining eq. (2) and eq. (3) leads to  
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Dividing (1) by m gives 
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Solving this equation to describe the envelope curve leads to  
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The acceleration, a as a function of time can be expressed as 
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λ ω−=  (7) 
3. Results 
3.1. Test of reference oars 
An example of the test results of reference oar 1 is presented in Fig. 2. It shows the acceleration measured at 
sensor locations S3 and S7, and the discrete Fourier transformation analysis of the unfiltered data from S1. The 
characteristic parameters of all eight reference oars are summarized in Table 1. The length of the four oar pairs 
tested was between 2.9 to 2.912 m and the maximum difference within one pair was measured with 3 mm for pair 4 
(oar no. 7 & 8) as seen in Table 1.The largest relative difference between the eight oars and among the static 
measurements (L, Lo, m, mo, BP) was in the mass of the outboard, mo with 19.4 % or 0.211 kg from the lightest to 
the heaviest oar. The variation in weight was 12.5 %, ranging from 1.538 to 1.730 kg. The difference of the outboard 
length (Lo) varied by 0.7 % or 14 mm. The distance to the balance point showed a larger variation of 5.7 % or 81 
mm. Pair #1 (oar #1 & #2) were the most even oars regarding the static measurements, with a mean relative 
difference of 0.2 %. Pair 1 also had the largest relative differences during the dynamic measurements (f, λ) with 14.3 
%. Oar #7 & #8 from pair #4 were most alike with a relative difference of 1.3 % in general, of which the static 
parameters showed a difference of 0.7 % and the dynamic ones a 2.1 % difference.  
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a) b) 
c) d) 
Fig. 2. Four characteristic free oscillations for oar 1 (a, b) for sensor S3 (a) and S7 (b). The damping ratio, ζ and the damping coefficient, λ 
increased with reduced lever length. Figure (c) shows the unfiltered acceleration data from an oar measurement at S1 and (d) shows results from 
the FFT analyses. The dimension of the amplitude is [m/s2]. The example in (c; d) had f = 9.33 Hz (oar no. C243). 
Oar #1 and #4 had the lowest coefficient of damping measured at sensor 3 with λ = 1.5. Due to their same 
frequency and eq. (2), their damping ratio was also lowest with ζ = 2.9 %. The damping coefficients showed 
increasing values from sensor 1 (longest lever arm) to 8 (closest to the attachment), as expected (seen in Fig. 3). 
Two characteristic free oscillations are shown in Fig. 2a-c. The increased damping ratio and coefficient of damping 
resulted in stronger decay of the envelope curve and reduction of amplitude, respectively. 
Table 1. Results from the initial testing of the reference oars. Total 
length, L; distance from the balance point (LBP) to the blade end; 
length of the outboard, Lo; mass of the oar, m; mass of the outboard, 
mo; natural frequency, f; stiffness, k; the damping ratio, ζ and the 
damping coefficient, λ. 
Oar L LBP Lo m mo F k ζ λ
No [m] [m] [m] [kg] [kg] [Hz] [N/m] [-] [-]  
1 2.910 1.424 2.030 1.730 1.293 8.27 3493.2 2.9 % 1.5  
2 2.910 1.423 2.030 1.728 1.301 8.19 3447.6 3.8 % 1.9  
3 2.912 1.448 2.032 1.578 1.139 8.08 2937.2 3.7 % 1.9  
4 2.912 1.461 2.032 1.556 1.127 8.27 3045.6 2.9 % 1.5  
5 2.912 1.480 2.032 1.538 1.093 8.4 3042.1 3.0 % 1.6  
6 2.912 1.461 2.032 1.550 1.124 8.18 2967.6 3.4 % 1.7  
7 2.900 1.490 2.018 1.586 1.110 8.44 3120.7 3.7 % 2.0  
8 2.903 1.504 2.023 1.584 1.090 8.43 3054.5 3.6 % 1.9 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Coefficient of damping for all 8 oars along the outboard. 
Acceleration sensors S1 and S2 were installed at the blade, S8 closest to 
the attachment point. 
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3.2. Testing of shafts 
The location of the balance point showed a variation of 30 mm for the 63 investigated shafts and a weight 
variation of 170 g. According to specifications from the manufacturer (Concept 2, Inc; Morrisville; USA) the shafts 
were divided into light and heavy ones. The Pearson product-moment correlation coefficients, ρ, for parameters 
from the dynamic measurements are presented in Table 2. The largest correlation was found for the natural 
frequency, f and the stiffness, k with ρ = 0.98 for the light and ρ = 0.97 for the heavy oars (see Fig. 4). The damping 
coefficient showed no correlation (ρ = 0.01) with the mass of the shafts and just a small positive (ρ = 0.13) 
relationship to the frequency for the heavy shafts. Among the light oars, the damping coefficient showed a small 
negative correlation with the three measured parameters f, m and k.  
The measured frequency was on average 9.13 Hz for all tested shafts, which was an increase of + 0.87 Hz and 
significantly higher (p ≤ 0.003) than the reference oars. The weight of the new shafts with attached blade was in 
average 100 g lighter, which is a significant decrease (p = 0.047).  
Reference oar #1 was chosen to be the reference for the least square comparison of the coefficient of damping. The 
average deviation in damping coefficient of all 54 oars and 8 sensors was 1.96, and the deviation ranged from 0.71 
to 4.84. Three pairs of shafts were matched based on the least mean difference method. Shaft #N1 and #N2 showed 
the least difference of 0.32 for the damping coefficient (see Table 3) meaning they have a very similar damping 
coefficient, which in addition is in close proximity of the reference oar values (difference 0.72 and 0.82 for #N1 and 
#N2, respectively). Pair #N10 – #N71 also showed a good fit to each other, but this pair differed slightly more from 
the reference oar (difference of 0.89 and 0.95 for #N10 and #N71, respectively). In Fig. 5 two selected shafts (#N1 
and #N71) are shown along with two other oars that showed a poorer fit (mean difference of 3.7 and 3.5, 
respectively). 
Table 2. Pearson product moment correlation coefficient, ρ, between 
m, f, λ and k for all measured light and heavy oar shafts. 
Light shafts (m ≤ 590 g)  Heavy shafts (m ≥ 690 g) 
n = 13 f λ k  n = 41 f λ k 
m 0.77 -0.18 0.87  m 0.44 0.01 0.65 
f  -0.20 0.98  f  0.13 0.97 
λ   -0.20  λ   0.12 
 
 
Table 3. Mean differences of the damping coefficients for the selected 
shafts after the dynamic experiments and comparison with the 
reference oar and the other selected new shafts (#N1 to #N71). The 
bold values indicate the mean difference between two paired oars 
 #N2 #N3 #N8 #N10 #N71 ref. O1 
#N1 0,32 1,12 0,58 0,48 0,68 0,72 
#N2  1,39 0,85 0,24 0,7 0,82 
#N3   1,23 1,49 1,8 1,14 
#N8    0,93 0,75 1,16 
#N10     0,67 0,89 
#N71      0,95 
Fig. 4. Pearson product moment correlation for the natural frequency 
and stiffness for 13 light and 41 heavy shafts. The light (red) shafts 
showed the largest correlation coefficient of ρ = 0.98. The heavy 
(black) shafts showed a correlation of ρ = 0.97. 
Fig. 5. Two of the selected oars, #N1 and #N71 (grey lines) which 
showed a good fit compared to the reference oar (black line) and two 
oars (#N54, #N73 - dashed line) which showed a poor fit.
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4.  Conclusions 
The major finding of this study was that dynamic properties such as natural frequency, f and the coefficient of 
damping, λ offer very good parameters that can be used to characterize and evaluate oars. 
• A large correlation was found for the natural frequency and the stiffness of oars (ρ = 0.98). 
• The new measured oars had a significantly lower mass of –100 g on average and a significantly higher natural 
frequency of + 0.87 Hz by having similar damping characteristics. 
• Testing of dynamic properties is a rapid and non-destructive approach that improves the understanding of an 
athlete’s demands for to his equipment.  
The selected oars were tested by the athlete and could instantaneously replace his former oars. They were 
successfully used in several World Cup events and Olympic regattas.  
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